Background Brain edema is a serious complication of ischemic stroke that can lead to secondary neurological deterioration and death. Glyburide is reported to prevent brain swelling in preclinical rodent models of ischemic stroke through inhibition of a non-selective channel composed of sulfonylurea receptor 1 and transient receptor potential cation channel subfamily M member 4. However, the relevance of this pathway to the development of cerebral edema in stroke patients is not known. Methods Using a case-control design, we retrospectively assessed neuroimaging and blood markers of cytotoxic and vasogenic edema in subjects who were enrolled in the glyburide advantage in malignant edema and stroke-pilot (GAMES-Pilot) trial. We compared serial brain magnetic resonance images (MRIs) to a cohort with similar large volume infarctions. We also compared matrix metalloproteinase-9 (MMP-9) plasma level in large hemispheric stroke. Results We report that IV glyburide was associated with T2 fluid-attenuated inversion recovery signal intensity ratio on brain MRI, diminished the lesional water diffusivity between days 1 and 2 (pseudo-normalization), and reduced blood MMP-9 level. Conclusions Several surrogate markers of vasogenic edema appear to be reduced in the setting of IV glyburide treatment in human stroke. Verification of these potential imaging and blood biomarkers is warranted in the context of a randomized, placebo-controlled trial.
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Introduction
Brain edema is a common secondary complication after large hemispheric stroke [1, 2] . Following the initial ischemic event, swelling can lead to worsening of neurological function that often manifests within the first 2 days [3] . Edema can be particularly devastating with large hemispheric infarction, resulting in brain herniation and death [4] . Currently, decompressive craniectomy is the only therapy that may improve outcome [5, 6] . However, it is not suitable for all patients [7] and although the procedure reduces mortality, it may also increase the number of severely impaired individuals.
Brain edema can be categorized into cytotoxic and vasogenic types [8] , each associated with specific features on brain magnetic resonance imaging (MRI). Apparent diffusion coefficient (ADC) maps are sensitive to cytotoxic edema in the early stages of infarction [9] , as water diffusion becomes restricted due to its shift from extracellular to intracellular compartments [2] . The severity of the initial cytotoxic ischemia can influence subsequent brain swelling [10] [11] [12] , which is dependent upon blood flow and, therefore, termed vasogenic edema [2, 8] . Two MRI sequences are sensitive to vasogenic edema, including T2 fluid-attenuated inversion recovery (FLAIR) [13] and ADC pseudo-normalization [14] . In addition, circulating matrix metalloproteinase-9 (MMP-9) level is associated with blood-brain barrier (BBB) breakdown after stroke [15] . Excessive MMP-9 activity can contribute to vasogenic edema [16] , and, if BBB integrity is sufficiently impaired, can further lead to hemorrhagic transformation [17] .
Preclinical data implicate a non-selective calcium-activated channel in the development of ischemic brain swelling [18] . A non-selective composed of sulfonylurea receptor 1 (SUR1) and transient receptor potential cation channel subfamily M member 4 (TRPM4); inhibition of this channel reduced brain swelling and mortality in rodent models of stroke [19] . In vitro and in vivo evidence supports a role for the channel in mediating cytotoxic edema [20] and vasogenic edema [19, 21] . However, the extent to which the channel has a role in human stroke patients is unknown. We retrospectively analyzed subjects from the glyburide advantage in malignant edema and stroke-pilot (GAMES-Pilot) and compared them to separate cohorts with large infarction in order to evaluate potential imaging and blood biomarkers of edema.
Materials and Methods

Patients
Eligible patients were between the ages of 18 and 80 years and presented with a large anterior acute ischemic stroke. The study drug was started within 10 h of the last seen well time, and heparinized plasma samples were collected at baseline and 8 time points during the 72-h drug infusion. Serial brain MRIs were obtained at baseline prior to study drug infusion and at approximately 24, 48, and 72 h after the study drug initiation using a standardized protocol.
The control cohorts were derived from subjects enrolled in either of two protocols at a single institution, as part of the specialized programs of translational research in acute stroke (SPOTRIAS) network. The neuroimaging control cohort included placebo-treated subjects from the normobaric oxygen therapy in acute ischemic stroke trial (NBO). Subjects were eligible for this study if they were C18 years old and had an acute stroke confirmed by neuroimaging. As part of the study plan, serial brain MRIs were obtained at baseline and at approximately 6, 24, and 48 h after enrollment. From the total of 49 placebo-treated subjects, those selected for comparison with GAMES-Pilot had DWI infarct volume >55 cc (N = 8). We selected this volume cut-off based on the planimetric baseline DWI volumes of the GAMES-Pilot cohort, which were all >54 cc. The control cohort for MMP-9 levels was derived from a prospectively collected biomarker repository. Subjects were eligible if they were C18 years old and had an acute stroke that presented within 9 h from stroke onset. Biomarker control subjects were selected for comparison with the GAMES-Pilot cohort if they had available plasma samples at approximately 48 h and had a baseline stroke volume >55 cc (N = 15).
All subjects or their legally authorized representatives provided written informed consent, and this study was approved by the local institutional review boards.
MRI Acquisition and Imaging Data Processing
All neuroimaging subjects underwent baseline MRI as part of their acute stroke evaluation. Brain MRI included DWI, ADC, T2 fluid-attenuated inversion recovery (FLAIR), and gradient echo sequences. A standardized imaging acquisition protocol was used. All scans were de-identified and randomized with an ID code. All analyses were conducted blinded to patient and treatment identity. MRI data in raw DICOM format were converted to Neuroimaging Informatics Technology Initiative (NIfTI) format using MRIConvert (Lewis Center for Neuroimaging, University of Oregon, Eugene, OR). Image files were then loaded into Analyze 11.0 (AnalyzeDirect, Overland Park, KS, USA) for co-registration, manipulation, and quantitative analysis.
Imaging Analysis
Region of interest (ROI) analysis by two independent readers (T.W.K.B and A.J.Y.) was used to generate DWI lesion volumes using Analyze 11.0 (AnalyzeDirect, Overland Park, KS, USA). Pearson correlation was 0.97 (p < 0.001) with an intraclass correlation coefficient of 0.98. Bland-Altman plots were examined to verify that there was no systematic bias between raters (see Supplemental Fig. 1 ).
Signal intensity ratios were calculated by normalizing the signal intensity within the stroke ROI to the signal intensity of the contralateral hemisphere (see Supplemental Fig. 2 ). The region of stroke and contralateral hemisphere were first defined on DWI. This ROI was subsequently applied to the ADC map to exclude CSF spaces greater than approximately 2 mm for the final stroke ROI and volume measurements. ADC ratios were obtained by normalizing the ADC value within the stroke ROI to the contralateral hemisphere. Signal intensity ratios were calculated by normalizing the signal intensity within the stroke ROI to the signal intensity of the contralateral hemisphere.
FLAIR sequences were co-registered to the ADC map, and the stroke and contralateral hemisphere ROIs were applied to the co-registered FLAIR sequence with visual inspection to confirm proper alignment. FLAIR signal intensity ratios were generated from the stroke FLAIR value normalized to the contralateral hemisphere. Segmentation of the white matter (WM) and gray matter (GM) was performed by applying threshold segmentation to a coregistered fractional anisotropy (FA) map. Threshold segmentation was first conducted to remove GM from the existing stroke and contralateral hemisphere ROIs, followed by re-application of the initial ROI and inversion of the threshold values to subtract WM. These segmented ROIs were then applied to the co-registered FLAIR sequence to generate GM and WM signal intensity ratios.
MMP-9 Analysis
Peripheral blood samples were collected in EDTA-containing or lithium heparin-containing tubes and plasma was immediately separated from cellular material by centrifugation (1,0009g for 15 min). All samples were centrifuged and separated from the cellular pellet within 60 min of collection. A subset of GAMES-Pilot subjects had both EDTA and heparinized plasma available at the same time points, and MMP-9 values were equivalent between EDTA and heparinized plasma (see Supplemental Fig. 3a) . Two out of 55 total GAMES-Pilot blood samples were grossly hemolyzed and were not included in the analysis (see Supplemental Fig. 3b ). Supernatant was aliquoted into cryo-vials and frozen at -20°C (heparinized plasma) or -70°C (EDTA plasma) until analysis. MMP-9 analysis was performed using a commercially available ELISA (R&D systems), according to the manufacturer's instruction. The mean coefficient of variation was 2.2 %. Samples were also diluted tenfold in phosphate-buffered saline (PBS) with non-reducing Laemmli sample buffer and then run on 4-20 % gradient SDS-PAGE gels containing 0.1 % gelatin. Gels were washed for 1 h in 2.5 % Triton X-100 and then incubated overnight at 37°C in Novex developing buffer (Life Technologies, Grand Island, NY). Visualization of the gelatinolytic activity was performed with coomassie blue staining and destaining according to the manufacturer's instructions (Life Technologies, Grand Island, NY). Gel band density quantification was performed using ImageJ software (version 1.45, NIH, Bethesda, MD).
Statistical Analysis
Descriptive statistics of baseline variables and outcomes was performed, and reported as mean ± SD (for normally distributed continuous data), median with interquartile range (IQR; for non-normal or ordinal data) and proportions for binary data. Inter-rater agreement was assessed for stroke volume using intraclass correlation coefficient and Bland-Altman analyses [22] .
For comparing results between the control and GAMESPilot subjects, Student t testing, Wilcoxon rank-sum testing, or Fisher exact tests were used as appropriate, depending on data type. For the repeated measures analysis of FLAIR ratio over time, repeated measures MANOVA was used. Statistical significance was taken at a two-sided p value of <0.05. Statistical analyses were performed using STATA 12 (College Station, TX) and JMP Pro 10.0 (Cary, NC).
Results
We used a retrospective, case-control design to evaluate the effect of IV glyburide on markers of edema compared to two matched control cohorts that were not treated with IV glyburide. The clinical characteristics of the GAMES-Pilot subjects and the matched control cohorts are shown in Table 1 . The GAMES-Pilot subjects were acute stroke patients with large hemispheric stroke treated with IV glyburide within 10 h of stroke onset who had MRIs at baseline and days 1, 2, and 3 after stroke. The neuroimaging control cohort was derived from placebo-treated subjects in the NBO. Eight placebo-treated subjects with large hemispheric stroke had similarly timed serial brain MRIs at baseline and at days 1 and 2 after stroke onset. Compared to neuroimaging controls, GAMES-Pilot subjects were more commonly female and more frequently treated with IV tissue plasminogen activator (tPA). The biomarker control cohort was the subset of large hemispheric stroke subjects (N = 12) from the specialized program of translational research in acute stroke (SPOTRI-AS) biomarker study [23] , which had available blood samples drawn at approximately 48 h after stroke onset. Compared to the biomarker controls, GAMES-Pilot subjects were younger in age and had a lower frequency of atrial fibrillation (Table 1) .
Cytotoxic Edema
Given prior work demonstrating an effect of glyburide on cytotoxic edema in cell models [20] , we assessed whether IV glyburide influenced a brain MRI marker of cytotoxic edema in human patients. The ADC map is sensitive to cytotoxic edema within minutes after stroke [9] , with the initial cytotoxic injury reaching its greatest extent after approximately 24 h [24, 25] . Figure 1a shows examples of ADC maps at baseline (<9 h after stroke onset) and after approximately 1 day in a control and a GAMES subject. There was no difference in ADC values at the baseline scan, which was obtained prior to initiation of the IV glyburide infusion. A reduction in relative ADC intensity was visible within the stroke region between the baseline and day-1 MRI, a pattern which is consistent with prior reports [24] . However, there were no differences between ADC values at day 1 when comparing the control and glyburide-treated subjects. Quantitative analysis of the relative ADC ratio (Fig. 1b) confirmed that ADC values were not influenced by IV glyburide.
Vasogenic Edema and T2 FLAIR Signal Intensity
Glyburide has been reported to reduce vasogenic edema and preserve the integrity of the BBB in animal models [21] . Leveraging the sensitivity of T2 FLAIR MRI to vasogenic edema [13] , we evaluated the FLAIR signal intensity ratios in GAMES-Pilot compared to NBO comparison cohort. Figure 2a shows an example of a diffusion-weighted image (DWI) delineating the stroke volume and the corresponding FLAIR lesion in a control subject (top panels) and in a patient treated with IV glyburide (bottom panels). Quantitative assessment of the FLAIR ratio in the NBO cohort showed a rapid rise in values that plateaued after approximately 36 h from the onset of stroke (Fig. 2b) . In contrast, the IV glyburide-treated group showed a blunted rise in the FLAIR ratio compared to control that began to diverge at approximately 24 h after stroke onset and persisted thereafter (p < 0.005). Although there were no available day-3 MRI scans in the control cohort for comparison, the FLAIR ratio did not rise further in the GAMES-Pilot cohort at that time point, suggesting persistence of the effect.
Following segmentation of the lesions into GM and WM, the FLAIR ratio values were reduced in both regions in the presence of IV glyburide (Fig. 2c) . Given the effect of IV glyburide on FLAIR ratio, we reasoned that circulating glyburide concentration would correlate with the degree of FLAIR hyperintensity. We evaluated the association between FLAIR ratio and glyburide concentration in the GAMES-Pilot subjects at days 2 and 3, and found a concentration-dependent effect on FLAIR ratio (Spearman r = -0.92, p < 0.001). Next, we divided GAMES-Pilot subjects into low and high glyburide groups, dichotomized at the median concentration of 23 ng/mL. This threshold also corresponded to the plasma glyburide concentration in the phase-I safety study that resulted in subtly decreased blood glucose levels relative to baseline (*25 ng/mL; S. Jacobson, personnel communication). Using this as a pharmacodynamic surrogate, the average plasma glyburide concentration in the low-level group was 16 ± 4 and 31 ± 6 ng/mL in the high-level group. Figure 2d demonstrates a dose-dependent relationship between the FLAIR ratio and glyburide level in these subjects (p = 0.014).
Vasogenic Edema and Water Diffusion
To further test the hypothesis that IV glyburide attenuates vasogenic edema, we evaluated ADC values which begin to increase the first day after stroke due to increased water movement from the intravascular space into the brain [24, [26] [27] [28] . This net inflow increases the diffusivity of water within the brain, resulting in increased ADC values, a phenomenon termed pseudo-normalization [29] . The rate of pseudo-normalization is hypothesized to reflect the development of vasogenic edema [14, 24] . We, therefore, evaluated the change in ADC value from day 1 to day 2 in control and GAMES-Pilot subjects. The top panels in Fig. 3a show ADC maps from a control patient compared to a GAMES-Pilot patient (bottom panels). An increase in pseudo-normalization is evident in the control and noted by the change in ADC values from day 1 to day 2 (Fig. 3b) . In contrast, the ADC ratio in GAMES-Pilot subjects remained essentially stable throughout this critical period for edema development.
In order to exclude the possibility that baseline imbalances between the two neuroimaging cohorts could account for the effect on FLAIR ratio and ADC pseudo-normalization, we assessed whether those variables were associated with the imaging measures. Importantly, sex did not demonstrate an association with the imaging metrics of vasogenic edema (FLAIR ratio p = 0.43 and ADC pseudonormalization p = 0.73, both Wilcoxon rank-sum testing). The second difference between the GAMES-Pilot and neuroimaging control cohort was the rate of IV tPA treatment. Prior work has demonstrated that IV tPA increases the rate of pseudo-normalization [14] , which should increase the rate of ADC pseudo-normalization in the GAMES-Pilot subjects, not reduce it. This would, therefore, be expected to bias results toward the null. Thus, neither of these factors is likely to account for the observed differences in imaging measures.
Vasogenic Edema and MMP-9
We next sought to further support the notion that IV glyburide attenuates vasogenic edema. MMP-9 is a zincdependent protease that is upregulated following cerebral infarction in both experimental models of stroke [15, 30] and in patients [31] . Excessive elevation in MMP-9 is associated with disturbed BBB integrity, vasogenic edema, and Fig. 1 Cytotoxic edema is not altered by glyburide treatment in human stroke. a Representative examples of apparent diffusion coefficient (ADC) maps in a control subject (top panels) and a glyburide-treated subject (bottom panels). The initial baseline ADC maps were obtained at approximately 7 h after onset of the stroke symptoms (lefthand panels), and the follow-up ADC maps were obtained at about 32 h after stroke onset. b Quantitative analysis of the control and glyburide (GAMES) cohorts show a similar decrease in relative ADC values from the baseline to day-1 MRI scan, but no difference between the two groups at either time point. Box plots show the median and interquartile range, and whiskers show the range Neurocrit Care (2014) 20:193-201 197 increased risk of hemorrhagic transformation [17, 32, 33] . Using a quantitative sandwich ELISA, we assessed MMP-9 in the GAMES-Pilot subjects samples over time (Fig. 4a ).
We next compared the level of MMP-9 to a control cohort with similarly large infarction at approximately 48 h after stroke onset (Fig. 4b) . At this time point, subjects treated with IV glyburide had a mean MMP-9 level of 54 ± 17 ng/ mL compared to 212 ± 151 ng/mL in the comparison cohort (p < 0.01). The control values we obtained are similarly elevated compared to the previously reported MMP-9 in patients with large hemispheric infarction [34] . Figure 4c shows zymographic analysis of MMP-9 activity in several representative control and GAMES-Pilot plasma samples. Quantification of the MMP-9 bands in all samples confirmed that total MMP-9 activity was reduced in a manner consistent with the ELISA results (Fig. 4d) . Furthermore, gel zymography showed that IV glyburide attenuated the pro-enzyme but not the active form of MMP-9 ( Fig. 4d ; 0.78 ± 0.36 in GAMES-Pilot vs. 3.46 ± 2.58 in control, p = 0.004). Finally, MMP-9 circulates in the blood in association with tissue inhibitor of metalloproteinase 1 (TIMP-1) [35, 36] , which may regulate the activity level of MMP-9. However, we found no difference in TIMP-1 level in the presence or absence of IV glyburide (161 ± 142 ng/ mL in GAMES-Pilot vs. 154 ± 82 ng/mL in controls, p = 0.90). Taken together, these data suggest that GAMESPilot subjects had lower MMP-9 but similar levels of TIMP-1 level.
Discussion
Our data provide three concordant lines of evidence that IV glyburide is associated with alteration of vasogenic edema Fig. 2 Vasogenic edema on T2 FLAIR is attenuated by glyburide treatment in human stroke. a Representative examples of DWI (lefthand panels) and FLAIR sequences (righthand panels) from a control subject (top panels) and a glyburide-treated subject (bottom panels). MRI scans were obtained at day 2 from the onset of stroke. b Quantitative analysis of the FLAIR ratio in control and GAMES subjects shows a reduced FLAIR ratio with glyburide treatment. Dots represent median, whiskers are the interquartile range. ***p < 0.005 by repeated measures MANOVA. c Segmentation of the stroke lesions demonstrate an equivalent effect of glyburide on both gray and white matter regions. Box plots show the median and interquartile range, and whiskers show the range. **p < 0.01. d The pharmacokinetic concentration of glyburide correlates with FLAIR ratio intensity in the GAMES-Pilot subjects. Glyburide concentration was dichotomized at 25 ng/mL (see text). The FLAIR ratio values were higher at the low glyburide concentration group compared to the high concentration group. Box plots show the median and interquartile range, and whiskers show the range. *p = 0.01 Fig. 3 Vasogenic edema measured by ADC pseudonormalization is attenuated by glyburide treatment in human stroke. a Representative example of ADC maps showing an increase in value between day 1 and day 2, which corresponds to increasing water diffusivity from edema formation. The top panels show a control subject and the bottom panels show a subject treated with IV glyburide. b Water diffusivity is increased in control subjects compared to GAMES subjects between days 1 and 2. There is less change in the ADC values within the stroke lesion in GAMES subjects (*p = 0.028). The pro-enzyme migrates slightly higher that the active form of MMP-9. MMP-2 is also detectable using this method. d Band intensity quantitation of gelatin zymography shows that glyburide reduces the level of the pro-MMP-9 enzyme but not the active form (p = 0.68). Bars represent the mean, whiskers represent the SD. ***p < 0.005, **p < 0.01 after ischemic stroke. The glyburide-associated attenuation of the MRI FLAIR ratio, the ADC pseudo-normalization rate, and the reduction in circulating MMP-9 together raise the possibility that markers of vasogenic edema may be modifiable in human stroke patients. These findings are consistent with preclinical evidence that glyburide reduces brain edema [19] . Although our current data do not support an association between IV glyburide and cytotoxic edema, this apparent discrepancy may be due to several reasons. The timing at which glyburide is started relative to onset of ischemia may be important. In this regard, glyburide was effective in cell models when present at the onset of ischemia [20] , whereas IV glyburide treatment in GAMESPilot patients was started at about 9 h after stroke onset. Alternatively, our analysis may not be powered to detect small differences in cytotoxic edema measured by ADC ratio. Future studies in the later phase clinical development of IV glyburide may help shed further light on this discrepancy. Our data also highlight novel directions for the clinical development of IV glyburide. The reduction in MMP-9 raises the additional possibility that IV glyburide may attenuate BBB injury and hemorrhagic transformation. Elevated MMP-9 is associated with increased risk of hemorrhage after stroke [17] , particularly in the setting of IV tPA [32] . In this context, inhibition of MMP-9 reduces hemorrhage in preclinical stroke models [37] and glyburide is reported to reduce MMP-9 in cell culture [21] . Our finding that IV glyburide is associated with lower MMP-9 in human patients suggests that it may be worthwhile to test its ability to reduce hemorrhagic transformation in future studies. This concept is supported by a recent retrospective analysis showing an association between sulfonylurea usage and reduced risk of hemorrhagic transformation in diabetics with acute ischemic stroke [38] . Given that hemorrhagic transformation rates range from 15 to 30 % [39, 40] , definitive analysis would require a larger, placebo-controlled study. In the interim, the rate of hemorrhagic transformation would be an important secondary outcome in subsequent phase II or phase III evaluation of IV glyburide in edema prevention.
Our study has several important limitations. Despite several lines of evidence that support an effect on vasogenic edema, it is important to acknowledge that these are intermediate markers which have not been validated as surrogates for clinical outcome. In this context, our intermediate surrogate data on vasogenic edema represent a critical but insufficient step in the process of demonstrating clinical efficacy of this compound. Our analysis is also restricted to a small number of patients with some baseline imbalances in the cohorts. Since alternative cohorts with similarly timed daily research MRIs and blood samples were not available, this represented the best available casecontrols for comparison. Furthermore, none of the baseline imbalances were associated with the measures of vasogenic edema or, in the case of IV tPA, would bias against the detection of an effect. Finally, our analysis is restricted to the subpopulation of large hemispheric infarction, and is not generalizable to all strokes. Future studies looking at the spectrum of infarct sizes are warranted to assess the utility of these metrics on a broader scale.
Summary
To date, there are few options in the management of ischemic cerebral edema. The prospect of preventing secondary neurological injury represents a novel strategy in acute stroke therapy. Our data demonstrate that IV glyburide is associated with several markers of vasogenic edema in stroke patients. Future studies that validate the generalizability of these markers, combined with the next phase clinical development will provide insight into whether targeting ischemic cerebral edema with IV glyburide has further merit.
